Abstract
Introduction
Burkholderia pseudomallei is a soil-dwelling Gram-negative bacterium and the cause of melioidosis, a frequently fatal infectious disease of humans and animals. Humans acquire the disease following skin inoculation, inhalation or ingestion of the bacterium from the environment. The disease is highly endemic in Southeast Asia and Northern Australia [1] , and is increasingly being reported in South Asia, Africa and Central and South America [2, 3] . A recent modeling study estimated that there are about 165,000 human melioidosis cases per year worldwide, of whom 89,000 (54%) die [4] . The current diagnostic standard for melioidosis is microbiological culture [5] . However, melioidosis is difficult to diagnose due to its diverse clinical manifestations, the inadequacy of conventional bacterial identification methods, and a lack of microbiology laboratories in tropical developing countries [5] . An indirect haemagglutination assay (IHA) is the most frequently used serological test for melioidosis, but may be misleading when used for the diagnosis of melioidosis in disease-endemic regions [5] . This is because the background seropositivity (IHA titers !1:160) ranges from 4% to 32% in healthy individuals living in areas where melioidosis is endemic [6] [7] [8] . Therefore, IHA is recommended as a serological standard to assess exposure to B. pseudomallei [5] .
Burkholderia thailandensis was first recognized by Wuthiekanun et al. in 1996 [9] . The organism is genetically closely related to B. pseudomallei, can be isolated from environmental soil and water, and is non-pathogenic [9] [10] [11] . The colony morphology of B. thailandensis and B. pseudomallei are very similar, but B. thailandensis can assimilate L-arabinose [12, 13] . In addition, B. thailandensis has polysaccharide-related genes that are distinct from B. pseudomallei (74.8% and 72.8% nucleotide and protein similarity, respectively) and usually lacks the virulence-associated capsular polysaccharide (also referred to as CPS or CPS-I) of B. pseudomallei [14] [15] [16] [17] . The geographical distribution of B. thailandensis is uncertain but the organism has rarely been isolated from fields that are culture positive for B. pseudomallei [18, 19] . It was recently shown that B. pseudomallei can inhibit the growth and motility of B. thailandensis in the laboratory [20] . However, previous environmental studies did not systematically evaluate the presence of both organisms, so the presence of B. thailandensis and co-localization of both organisms may have been underestimated [18, 19] . In an experimental mouse model, lipopolysaccharide extracted from B. thailandensis induced measurable IgG and IgM, and provided partial protection against melioidosis [21] . The association between exposure to environmental B. thailandensis and IHA seropositivity in humans is still largely unknown.
A variant of B. thailandensis originally isolated from soil in Cambodia (E555) that contained genes encoding a B. pseudomallei-like capsular polysaccharide cluster (BTCV) was described in 2010 [17] . This organism exhibited several B. pseudomallei-like phenotypes including colony wrinkling, resistance to human complement binding, and intracellular macrophage survival. However, in mice E555 was avirulent [17] , induced higher levels of IgG and gave better protection against melioidosis than non-capsulated B. thailandensis [22] . The capsular polysaccharide (CPS) biosynthesis gene cluster of E555 and that of B. pseudomallei are highly similar (94.4% and 96% nucleotide and protein similarity, respectively) [17] , and nuclear magnetic resonance spectroscopy has shown that the structures of CPS produced by E555 and that of B. pseudomallei are identical [23] . Previously, BTCV has been isolated from human blood in the USA in 2003 (strain CDC3015869; ST101, USA [24] ) and from environmental samples in Cambodia in 2010 (strain E555; ST696), Gabon in 2013 (strain D50; ST1126 [25] ) and Laos in 2015 (strain ST_10; ST696 [26] ). BTCV has not been reported in Thailand and its distribution is unknown.
We recently reported the presence of B. pseudomallei in 61 rice fields in the Northeast, East and Central Thailand, and its association with soil physicochemical properties [27] . Here, we report the presence of B. thailandensis and co-localization between B. pseudomallei and B. thailandensis in the same rice fields, and provide the first report of the BTCV in Thailand. In addition, we explored whether exposure to B. thailandensis and BTCV is associated with background seropositivity to B. pseudomallei by evaluating IHA levels in healthy adults who worked in the sampled rice fields.
Materials and methods

Study area
East, Central and Northeast Thailand consist of 7, 21 and 20 provinces, cover 34,381, 93,005 and 168,854 km 2 , and had estimated populations in 2013 of 3.9, 18.7 and 23.3 million, respectively [28] . Northeast Thailand is a plateau surrounded by mountain ranges, and most of the arable land consists of tropical sandy soil. East Thailand is characterized by short mountain ranges alternating with alluvial plains. Central Thailand is a large plain consisting of clay soil. Rice farming is the predominant form of agriculture in all three regions. In Thailand, for administrative purposes each province is sub-divided into districts, sub-districts, communes and villages. The majority of the population in all three regions live in rural settings and most adults are engaged in agriculture, particularly rice farming. In 2013, areas used for agriculture were 57%, 48% and 60% in East, Central and Northeast Thailand, respectively [29] .
Study design
We conducted a cross-sectional environmental survey as described previously [27] . All B. pseudomallei, B. thailandensis and BTCV reported in this work were from the same environmental survey [27] . In brief, we collected soil from randomly-selected rice fields in the East, Central and Northeast regions during the dry season (from April-June) in 2013, 2014 and 2015, respectively. We sampled rice fields that had been used for rice farming in the 12 months prior to the sampling date. We collected the blood from farmers who were exposed to the sampled rice fields in the 12 months prior to the blood collection date.
Ethics statement
Written, informed consent was obtained from land owners and farmers prior to soil sampling and blood collection, respectively. The study protocol was approved by the Ethics Committee of the Faculty of Tropical Medicine, Mahidol University (MUTM 2013-021-01) and the Oxford Tropical Research Ethics Committee, University of Oxford (OXTREC 1013-13).
Soil sampling and soil properties
The method used for soil sampling was described previously [27, 30] . In brief, each rice field was divided into a 10x10 grid system to generate 100 sampling points per field. At each sampling point, around 30 grams of soil was removed from the base of a 30-cm hole. All soil samples were processed within 48 hours of collection for the identification of B. pseudomallei and B. thailandensis, and for soil physicochemical properties. One kilogram of soil from each sampling field was made by aggregating 100 soil samples (10 g per each sampling point) and evaluated for soil physicochemical properties as described previously [27] .
Identification of B. pseudomallei and B. thailandensis
Ten grams of soil from each sampling point was mixed with 10 ml of enrichment broth consisting of threonine-basal salt solution plus colistin 50mg/L (TBSS-C50 broth) and incubated at 40˚C in air for 48 hours. Ten microliters of surface liquid was then streaked onto Ashdown agar containing gentamicin 8mg/L and crystal violet 5mg/L using a calibrated loop, incubated at 40˚C in air, and examined every day for 4 days for bacterial colonies suggestive of B. pseudomallei or B. thailandensis [31, 32] . B. pseudomallei can have seven colony morphotypes on Ashdown agar [32] , and cannot readily be distinguished from the colonies of B. thailandensis [9, 12, 13] . For each soil specimen, a total of up to five presumptive colonies of B. pseudomallei or B. thailandensis were picked and evaluated by a latex agglutination test that is highly specific for B. pseudomallei CPS [16, 33, 34] , and the L-arabinose assimilation test. B. pseudomallei was defined based on a positive latex agglutination test and negative L-arabinose assimilation. B. thailandensis was defined based on a negative latex agglutination test and positive L-arabinose assimilation [9, 16, 17] . Colonies which had positive results for both the latex agglutination and L-arabinose assimilation tests were defined as BTCV, as previously described [17] . The monoclonal antibody used in the latex agglutination test has been shown to be positive for B. pseudomallei and BTCV (strains E555 and CDC3015869), and negative for B. thailandensis [35, 36] .
Genotyping of BTCV
Because BTCV was found in rice fields in East and Central Thailand, we randomly selected three isolates of BTCV from each culture positive field and genotyped these using multilocus sequence typing (MLST) [37] . The alleles at each of the seven loci were assigned by comparing the sequences to those on the B. pseudomallei MLST website (https://pubmlst.org/ bpseudomallei/).
Information and the sequence type of BTCV reported in this work has been deposited in the global MLST database (https://pubmlst.org/bpseudomallei/).
Serological response
Blood samples were collected from rice farmers who had worked in the sampled rice fields in the 12 months prior to the sampling date. The detection of antibodies against B. pseudomallei was performed using the IHA, as described previously [38, 39] . The antigen used in the IHA was derived from a pool of two clinical B. pseudomallei isolates, 199a and 207a, obtained from melioidosis patients in Ubon Ratchathani, Thailand. The negative control was pooled sera from three patients with no detectable IHA titers. The positive control was pooled sera from three patients with known positive IHA. In this study, for binary comparisons, an IHA titer of <1:80 was defined as negative based on the previous report that healthy US donor could have IHA titers up to 1:40 [40] .
Sample size calculation
To determine the optimal sample size, we performed a pilot study of soil sampling in four rice fields in Chachoengsao province, East Thailand. Three and four rice fields were culture positive for B. pseudomallei (75%; 3 of 4) and B. thailandensis (100%; 4 of 4), respectively. We calculated that 60 rice fields (3 rice fields per province) and 60 rice farmers were needed to determine environmental factors associated with presence of B. pseudomallei and B. thailandensis, and evaluate the association between IHA titers and presence of both organisms, respectively, with a power of 80% at an alpha error of 5%.
Statistical analysis
We evaluated (1) positivity of B. thailandensis and BTCV in the rice fields, (2) co-localization and correlation between B. pseudomallei, B. thailandensis and BTCV in the rice fields, (3) soil properties associated with presence of B. thailandensis and BTCV, and (4) association between IHA levels and presence of those organisms in the rice fields. Fisher's exact test and MannWhitney test were performed to compare binary and ordinal variables, respectively. McNemar's test was used to compare the presence of two organisms. We assessed co-localization between organisms in the rice fields by using Kappa value. The Kappa value was used to describe the agreement of presence and absence of the organism in rice fields, beyond that caused by chance, as follows: 0.00-0.20, slight; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, substantial; 0.81-1.00, high [41] . A Spearman rank correlation coefficient (Spearman's rho) was used to assess correlations among the total number of sampling points culture-positive for B. pseudomallei, B. thailandensis and BTCV in the rice fields. Spearman's rho close to 0 indicates no correlation, while Spearman's rho close to 1 (or -1) indicates a strong positive (or negative) correlation between the organisms [42] . We used ordered logistic regression to determine the associations between IHA level and presence of the three organisms. As we sampled more than one rice farmer per field, the analysis was stratified by rice field. Multivariable ordered logistic regression models were developed using a purposeful selection method [43] .
In brief, a univariable ordered logistic regression model was used to preliminarily evaluate the crude association between presence of B. pseudomallei, B. thailandensis and BTCV and IHA titers. We decided a priori to evaluate their independent associations in a multivariable ordered logistic regression model, and presence of B. pseudomallei, B. thailandensis and BTCV were all included in the final multivariable model. Sensitivity analysis was conducted by grouping B. thailandensis and BTCV as B. thailandensis. All statistical tests were performed using STATA version 14.0 (StataCorp LP, College Station, Texas). The final database with the data dictionary are publicly available online (https://doi.org/10.6084/m9.figshare.4928993).
Results
Distribution of B. thailandensis and BTCV
Of 6,100 soil samples collected from 61 rice fields, 826 (14%) were culture positive for B. thailandensis. The percentages of rice fields that were culture-positive for B. thailandensis were 29% (6 of 21 rice fields), 63% (12 of 19 rice fields) and 57% (12 of 21 rice fields) in Northeast, East and Central Thailand, respectively (Fig 1) . There was borderline evidence that culturepositivity for B. thailandensis was higher in the East than the Northeast (63% vs. 29%, p = 0.055), while there was no significant difference between East and Central (63% vs. 57%, p = 0.76) or Northeast and Central regions (29% vs. 57%, p = 0.12).
For the rice fields that were culture-positive for B. thailandensis, the median numbers of positive sampling points were 6.5 (range 1 to 27), 26.5 (range 1 to 100) and 10.5 (range 1 to 85) in Northeast, East and Central Thailand, respectively (S1 Table) . There was a trend towards the median number of positive sampling points for B. thailandensis being lower in the Northeast than the East (p = 0.08), while there was no significant difference between Central versus Northeast or East Thailand (p = 0.40 and 0.52, respectively).
BTCV was isolated from 11 of 61 (18%) rice fields in the East (7 fields) and Central (4 fields) regions but it was not isolated from rice fields in Northeast Thailand (Fig 1) . Overall, the proportion of fields positive for the BTCV was lower than that for B. thailandensis (18% vs. 49%, p<0.001). The percentage of rice fields that were culture positive for BTCV in the East and Central regions was not significantly different (37% [7/19] 
Co-localization and correlation between presence of B. pseudomallei, B. thailandensis and BTCV in the same rice fields
We previously reported the isolation of B. pseudomallei from 30 of 61 rice fields included in this study [27] . Fig 2 shows the number of rice fields from which B. pseudomallei, B. thailandensis and BTCV were isolated. Of 61 rice fields, 14 (23%) were positive for B. pseudomallei alone, 8 (13%) positive for B. thailandensis alone, 11 (18%) positive for both B. pseudomallei and B. thailandensis, 6 (10%) positive for B. thailandensis and BTCV, and 5 (8%) positive for B. pseudomallei, B. thailandensis and BTCV. Co-localization of B. pseudomallei and B. thailandensis in the same rice field was not more frequent than expected by chance (Kappa value 0.08, p = 0.26). The numbers of sampling points per rice field that were culture positive for B. pseudomallei and for B. thailandensis were not correlated (Spearman's rho -0.02, 95%CI -0.27 to 0.23, p = 0.89). A sensitivity analysis was conducted by considering BTCV as B. thailandensis, which gave a comparable result (Spearman's rho -0.02, 95%CI -0.27 to 0.23, p = 0.87). All eleven fields culture positive for BTCV were also culture positive for B. thailandensis (Fig 2) . There was a fair agreement between presence of B. thailandensis and BTCV (Kappa value 0.37, 
Soil physicochemical properties associated with presence of B. thailandensis and BTCV
Associations between soil physicochemical properties and the presence of B. thailandensis were not observed (S2 Table) . Presence of BTCV was negatively associated with cation exchange capacity, which represents the total nutrient fixing capacity of soil (p = 0.05), and associated with the level of total nitrogen (p = 0.04; S3 Table) . The associations were also observed in the multivariable model (S4 Table) .
Genetic diversity of BTCV
A total of 27 isolates of BTCV from 76 culture positive sampling points for BTCV in 11 rice fields in East and Central Thailand were randomly selected for MLST (S5 Table) . All 27 isolates (C4), Lopburi (C5), Nakhon Nayok (C6) and Bangkok (C7) in Central Thailand. ArcGis Version 10.2 (ESRI, Redlands, CA, USA) was used to map the sampled rice fields. The location of sampled rice fields was recorded by using the EpiCollect application (www.epicollect.net, Imperial College, London).
https://doi.org/10.1371/journal.pntd.0006193.g001 Fig 2. Overlap between presence of B. pseudomallei (B. ps; red), B. thailandensis (B. th; green) 
B. thailandensis expressing B. pseudomallei-like capsular polysaccharide in Thailand
belonged to sequence type (ST) 696, which was identical to the ST of BTCV strain E555 reported from soil in Cambodia [17] . We had previously reported a single B. pseudomallei isolate (strain A-330-05-1-04) from drinking water in Ubon Ratchathani, northeast Thailand, as ST696 [44] . The isolate was re-evaluated. The isolate was found to be positive for both latex agglutination and L-arabinose assimilation and was thus re-classified as BTCV.
IHA titers and their association with presence of B. pseudomallei, B. thailandensis and BTCV
Of 96 rice farmers included in the analysis, 29, 35 and 32 were from Northeast, East and Central Thailand, respectively. The median number of farmers per rice field was 1 (range 1 to 5). Sixty-two farmers (65%) were male and median age was 51 years (range 23-75 years). Six farmers (6%) had a known diagnosis of diabetes. Overall, 27 (28%) farmers had a positive IHA (IHA titers ≥1:80). (Fig 3) . Proportion of farmers who had positive IHA (IHA !1:80) was also significantly higher in rice field culture-positive for B. pseudomallei than the farmers who work in rice field culture-negative for B. pseudomallei (44% vs. 13%, p = 0.001).
In Table 1 ).
Discussion
Here, we present data on the spatial distribution of B. pseudomallei, B. thailandensis and BTCV in Northeast, East and Central Thailand. This is the first study to report the isolation of BTCV from soil in Thailand, although we did find that a Thai water isolate previously identified as B. pseudomallei was actually an example of BTCV [44] . B. thailandensis was commonly isolated in all three regions, while BTCV was less common but associated with B. thailandensis. Colocalization of B. thailandensis and B. pseudomallei was not uncommon. Our findings also suggest that IHA positivity of healthy rice farmers was associated with exposure to B. pseudomallei rather than to B. thailandensis or BTCV. This supports the recommendation that IHA could be used to measure exposure to environmental B. pseudomallei [5] , even in areas containing other closely related Burkholderia species.
Our finding of co-localization of B. pseudomallei and B. thailandensis is consistent with a previous environmental study in Khon Kaen, northeast Thailand [11] . B. thailandensis has been reported from many melioidosis-endemic countries; including Thailand, Laos, Vietnam [37] , Cambodia (https://pubmlst.org/bpseudomallei/), Australia [45] , Papua New Guinea [46] , Kenya [37] and Gabon [25] . This is probably highly influenced by the locations of melioidosis research groups. B. thailandensis has also been reported in two non melioidosis-endemic countries; France and the United States [24, 37] . B. thailandensis strain 82172 (ST73) was isolated from the intestine of a foal in France in 1982, while B. thailandensis strain CDC2721121 (ST73) was isolated from the pleural wound of a 76 year old male from Louisiana, USA, in 1997 [24, 37] . As strain CDC2721121 was isolated from a wound sample its pathogenicity in humans cannot be assumed and this strain was avirulent in a mouse model [22] .
Although BTCV was common in both Central and East Thailand, its prevalence is lower than that of wild-type B. thailandensis. Our analysis suggested that BTCV was associated with soil with low cation exchange capacity and high levels of total nitrogen. Although Sim et al. raised the possibility that acquisition of the B. pseudomallei-like CPS in E555 might improve its environmental fitness [17] , this is not supported by our findings. It is also possible that the environment we studied is not representative of the environmental niche which induced B. thailandensis to acquire the B. pseudomallei-like gene cluster.
The finding that all BTCV isolates obtained from different geographical areas in Thailand, Laos and Cambodia were ST696 suggests that these may have arisen from a single ancestor. BTCV isolates in USA (ST101) [24] and Gabon (ST1126) [25] are single-and triple-locus variants of ST696, respectively (S5 Table) . Previous phylogenetic analysis suggested that ST101 and ST696 are closely related and possibly share the same ancestor [17] . Studies using whole genome sequencing of BTCV and B. thailandensis from different regions are required to further understand the genetic diversity and evolution of this organism. Our results suggest that exposure to environmental B. thailandensis and BTCV makes a limited contribution to IHA seropositivity in farmers. In animal models, antibodies can be detected after intraperitoneal inoculation of B. thailandensis and BTCV [22] . Intraperitoneal inoculation can lead to rapid dissemination of B. thailandensis or BTCV by bypassing natural host defenses [22] , and induces a serological response. Nonetheless, human exposure to B. thailandensis and BTCV in the natural environment rarely if ever leads to infection, unlike exposure to B. pseudomallei. This is also supported by the finding that intra-nasal inoculation of high dose B. thailandensis or BTCV (10 6 colony forming unit [CFU]) did not cause death in BALB/c mice with rapid bacterial clearance and no visible abscess formation in sacrificed mice, whilst the LD50 of B. pseudomallei was less than 300 CFU in the same experiment [17] . Our study has several limitations. Soil sampling was performed during the dry season over a period of three years. We chose to sample during the dry season to control the variation in presence of the three organisms, human exposure and soil physicochemical properties associated with seasonal changes. It is possible that the presence of B. thailandensis and BTCV could vary according to the season. Farmers may work in multiple rice fields, and be exposed to B. pseudomallei in untested fields. Our study may have also detected more positive samples for B. thailandensis and BTCV if more than five colonies had been tested from each sampling point or using other identification methods such as PCR.
In summary, our large cross-sectional environmental survey has defined the distribution of B. thailandensis and BTCV in Thailand. This is the first report of BTCV in Thailand, which appears to be less common than wild-type B. thailandensis. Our findings also suggest that exposure to B. thailandensis or BTCV in the environment makes a limited contribution to IHA positivity amongst healthy farmers. 
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